New strategies for skin regeneration are needed to address the significant medical burden caused by cutaneous wounds and disease. In this study, pullulan-collagen composite hydrogel matrices were fabricated using a salt-induced phase inversion technique, resulting in a structured yet soft scaffold for skin engineering. Salt crystallization induced interconnected pore formation, and modification of collagen concentration permitted regulation of scaffold pore size. Hydrogel architecture recapitulated the reticular distribution of human dermal matrix while maintaining flexible properties essential for skin applications. In vitro, collagen hydrogel scaffolds retained their open porous architecture and viably sustained human fibroblasts and murine mesenchymal stem cells and endothelial cells. In vivo, hydrogel-treated murine excisional wounds demonstrated improved wound closure, which was associated with increased recruitment of stromal cells and formation of vascularized granulation tissue. In conclusion, salt-induced phase inversion techniques can be used to create modifiable pullulancollagen composite dermal scaffolds that augment early wound healing. These novel biomatrices can potentially serve as a structured delivery template for cells and biomolecules in regenerative skin applications.
Introduction

S
kin engineering requires biomaterials capable of recapitulating the structural architecture of unwounded skin, which is irreversibly destroyed by injury or disease. 1 This organized structure is normally provided by the extracellular matrix (ECM), a complex scaffold that supports and regulates the myriad cell types involved in skin homeostasis. 2 Dermal scaffolds, derived from both native and synthetic sources, can serve as the structural template during repair and have been used clinically for skin replacement. 1, 3 However, native dermal sources such as decellularized cadaveric skin are limited by cost, donor availability, and disease transmission concerns. 4, 5 Alternatively, synthetic matrices are potentially affordable, modifiable, and widely available dermal substitutes that can be used for skin engineering 6 but are generally accepted as being inferior to allogeneic tissue. This may be because of the inability of engineered matrices to accurately replicate the architecture of unwounded dermis.
The dermal ECM consists mostly of type I collagen fibers arranged in a reticular fashion. The structural organization of collagen determines its functional diversity in tissues as different as bone and skin. 7 Although hard collagen scaffolds have been used extensively in bone and cartilage engineering, options for soft collagen scaffolds are limited owing to the difficulties of maintaining structure in a nonrigid environment. 8 One strategy to achieve three-dimensional organization in a soft biomaterial involves hydrogel systems, which have been fabricated from polymeric substrates such as alginate, hyaluronic acid, and polyethylene glycol, [9] [10] [11] [12] and ECM components including collagen, elastin, and fibrin. [13] [14] [15] Hydrogels have previously been utilized as scaffolds, gels, films, and foams for a wide range of skin applications, 10 but properties suitable for wound coverage or treating infection are not necessarily ideal for skin engineering and dermal reconstruction. Specifically, existing hydrogel systems excel at providing inductive cues but generally lack important structural contexts for in situ skin repair. An ideal hydrogel system would provide both form and function to promote skin regeneration following injury.
One promising biomaterial for dermal hydrogel fabrication is pullulan, a linear homopolysaccharide produced by the fungus Aureobasidium pullulans. It has been increasingly studied as a biomaterial scaffold given its biodegradable, nontoxic, and modifiable nature. 16, 17 This unique carbohydrate exhibits water retention capabilities ideal for hydrogelbased delivery of both cells and biomolecules 18 and contains multiple functional groups which permit crosslinking and delivery of genetic material and therapeutic cytokines. 19, 20 Additionally, smooth muscle cells and endothelial progenitor cells have been sustained within pullulan-based hydrogels in vitro, 21, 22 demonstrating their potential to facilitate cell-based dermal replacement strategies.
Expensive and complex processing techniques such as gas foaming, cryogenic processes, electrospinning, and powder sintering have been used to construct rigid porous scaffolds. [23] [24] [25] On the other hand, simpler techniques such as salt-induced phase inversion and leaching have been used to create effective biomatrices with minimal use of sophisticated equipment. [26] [27] [28] In this study, we aimed to fabricate dermal-like pullulan-collagen hydrogels using a novel salt-induced phase inversion technique. The aim was to create a modifiable dermal scaffold that recapitulates the structural environment of unwounded skin to improve wound healing.
Materials and Methods
Materials
Carbohydrate-based hydrogels were fabricated using pullulan (molecular weight 200,000; Hayashibara Laboratories, Okayama, Japan). Collagen was prepared from rat tail collagen type I solution (Sigma-Aldrich, St. Louis, MO). Crosslinking was performed with sodium trimetaphosphate (STMP; Sigma-Aldrich) under alkaline conditions with sodium hydroxide (Sigma-Aldrich). Potassium chloride salt (KCl; Sigma-Aldrich) was used as a porogen for in-gel crystallization. Ninety-five percent ethyl alcohol (Sigma-Aldrich) was used for hydrogel dehydration. Pullulanase (SigmaAldrich) was prepared in a concentration of 4 U=mL in phosphate-buffered saline (PBS) (Gibco, Grand Island, NY). Collagenase A (from Clostridium histolyticum, >0.15 Wü nsch units=mg-one Wü nsch unit liberates 1 mM of 4-phenylazobenzyloxycarbonyl-L-prolyl-L-leucine formed in 1 min at 258C at pH 7.1 from 4-phenylazobenzyloxycarbonyl-Lprolyl-L-leucyl-glycyl-L-prolyl-D-arginine substrate 29 ; Roche, Indianapolis, IN) was prepared in a concentration of 2 mg=mL in PBS. Methylene blue (Sigma-Aldrich) was used to quantify STMP crosslinking based on previously published methods. 30, 31 All aqueous solutions were prepared in Milli-Q water (Millipore, Billerica, MA). All other compounds and reagents were used without further purification.
Cells and animals
Ten-to 12-week-old male C57BL=6 mice ( Jackson Laboratories, Bar Harbor, ME) were used for bone-marrow-derived mesenchymal stem cell (MSC) harvest, subcutaneous hydrogel implantation (n ¼ 12), and excisional wound model experiments (n ¼ 10). Mice were fed ad libitum water and rodent chow, and housed in the Stanford University animal facility under institution-approved guidelines.
Murine MSCs were harvested as previously described.
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Fibroblasts (passage 3) were obtained from a primary line of human foreskin fibroblasts. bEnd.3 endothelial cells were obtained from American Type Culture Collection (Manassas, VA). Cells were maintained in Dulbecco's modified Eagle's medium (4.5 g=mL glucose; Gibco) supplemented with 10% fetal bovine serum (v=v) (Gibco) and 1% penicillin= streptomycin (Gibco).
Hydrogel fabrication
On the basis of previously published methods, 21 2 g of pullulan powder was mixed with 2 g of STMP and 2 g KCl in 50 mg NaOH dissolved in deionized H 2 O with or without collagen to a total volume of 10 mL. Collagen was mixed in at a concentration of 0%, 5%, or 10% of the weight of pullulan (0, 0.1, and 0.2 g collagen per 2 g pullulan, respectively). The composite mixture was gently vortexed for 30 min at 48C to promote the homogeneous distribution of polymers within the hydrogel. The mixture was then poured onto Teflon sheets and compressed to create 2-mm-thick films. Hydrogel films were then dehydrated in 100% ethyl alcohol for 15 min and allowed to dry overnight. Dried films were washed in PBS at room temperature until the wash pH was 7.0 and stored at 48C until further use. Six-millimeter punch biopsy disks of 2 mm thickness were used for all experiments. Films were sterilized overnight under UV light prior to all experiments.
Swelling property
Hydrogel water absorption capacity was calculated as a swelling ratio (grams liquid=grams protein):
Swelling ratio ¼ (weight of wet sample À weight of dry sample)=weight of dry sample
For incubation studies, 5% collagen-pullulan hydrogels were incubated in deionized water or in PBS at 48C or 378C. Excess liquid was gently shaken off and weights of swollen gels were obtained. Hydrogel weights were measured at 12, 24, 48, and 72 h. Six samples were tested for each condition.
Scanning electron microscopy
Hydrogel imaging with variable pressure scanning electron microscopy (SEM) has been previously described. 33, 34 Briefly, hydrogel samples and acellular human dermal matrix (DermaMatrix; Synthes, West Chester, PA) were incubated overnight in PBS, mounted onto adhesive carbon film on 15 mm aluminum stubs, and sputter-coated with 100Å gold= palladium using a Denton Desk II TSC Sputter Coater (Denton Vacuum, Moorestown, NJ). The samples were observed using a Hitachi S-3400N VP-SEM (Hitachi Ltd., Pleasanton, CA) operated at 10-15 kV with a working distance 8-10 mm and secondary electron detection. Hydrated hydrogels were mounted onto 10 mm stubs fitting a Deben Peltier cool stage (Deben, Suffolk, England) set at 48C inside the specimen chamber of a Hitachi S-3400N VP-SEM. The variable-pressure SEM allowed observation of nonconductive samples in their natural state, eliminating the need for sample preparation. To limit water loss, pressure and temperature were correlatively decreased until a chamber pressure of 60 Pa and stage temperature of À258C were reached. Saturated water vapor at 60 Pa is correlated with a sublimation temperature of À258C so that minimal freezing or moisture loss would occur under these conditions. 33 Backscattered electron detection was used to capture images at 15 kV, at a working distance of 8-10 mm.
For in vitro cellular incorporation studies, fibroblasts and MSCs were seeded via dropwise addition of 1Â10 5 cells in 50 mL of cell media onto each 5% collagen-pullulan hydrogel disk and were incubated in cell culture media for 72 h. Scaffold=cell samples were fixed for 24 h at 48C with 4% paraformaldehye and 2% glutaraldehyde in 1 N sodium cacodylate buffer pH 7.3 (Electron Microscopy Sciences, Hatfield, PA). Fixed samples were washed in the same buffer, and postfixed for 1 h in 1% aqueous osmium tetroxide, washed in Milli-Q water, and observed with backscattered electron as described above. Ten random SEM fields were examined at low magnification to assess consistency of porosity. Pore size was calculated from 10 random pores from 10 high-power SEM fields using ImageJ software (National Institutes of Health, Bethesda, MD). Porosity was measured from 10 high-power SEM fields for each condition using the threshold function and area measurement tool in ImageJ. Pseudocolored SEM images were created with Adobe Photoshop CS3 (Adobe Systems Incorporated, San Jose, CA).
Network extraction analysis
Scanning micrographs of 0%, 5%, and 10% collagenpullulan hydrogels were obtained at 400Âmagnification. Reference images were obtained from 400Âscanning micrographs of acellular human dermal matrix (DermaMatrix; Synthes). A network extraction algorithm 35, 36 was applied to high-resolution scanning electron micrographs. Briefly, images were smoothed with a low-pass Gaussian filter and binarized to reduce background signal. Network geometry was then extracted based on fiber size, length, orientation angle, and crosslinking to create quantifiable metrics for comparison of different biomatrices. Graphs were generated using MATLAB (The MathWorks, El Segundo, CA).
In vitro degradation
Dry 5% collagen-pullulan hydrogels were incubated with pullulanase (4 U=mL) in PBS and weighed every 30 min. Similar experiments were performed with collagenase A (2 mg=mL in PBS). Enzyme doses were based on published methods. 21, 37, 38 Combination degradation studies using both pullulanase and collagenase A were conducted in PBS using the same concentrations as above. The initial weight at time 0 was the dry weight and wet weights were used for subsequent measurements. Experiments were performed six times for each condition at room temperature.
Quantification of crosslinking
Methylene blue absorption shows a linear relationship with STMP crosslinking density. 30 Hydrogel mixtures containing pullulan only, collagen only, 5% collagen with pullulan, 5% collagen with STMP, pullulan with STMP, and 5% collagen-pullulan with STMP were incubated overnight with methylene blue. As a control, individual materials were used in the same absolute quantities as when used to fabricate 5% collagen-pullulan hydrogels. Initial absorption of methylene blue was recorded at 665 nm (A 0 ) preincubation and after overnight incubation (A). Results were normalized with dry preincubation hydrogel weight (Wt) in milligrams. Four samples were tested for each condition. A methylene blue absorption index (AI MB ) was calculated based on modification of a previously published equation 30 :
Scaffold AI MB was calculated using the following equation:
Scaffold AI MB ¼ AI MB for 0 % collagen with no STMP À AI MB for sample
In vitro viability
The ability of 5% collagen-pullulan hydrogel scaffolds to support cellular survival in vitro was assessed. Fibroblasts, MSCs, and endothelial cells were separately incubated with hydrogels for up to 7 days. Cells were seeded via dropwise addition of 1Â10 5 cells in 50 mL of cell media to each scaffold. Cell-seeded scaffolds were incubated for 3 h in a 5% CO 2 incubator at 378C. Cellular morphology was assessed daily and cellular survival was assessed with a live=dead assay (Calbiochem, Gibbstown, NJ) per manufacturer's instructions. Images were obtained with fluorescence microscopy (Zeiss Axioplan 2 Imaging; Carl Zeiss, Inc. Thornwood, NY) with band-pass filters set to detect FITC and rhodamine. Identical high-power field images obtained from different lasers were merged using Adobe Photoshop CS3 to create single images of red and green coexcitation. Live cells stained green, whereas only dead cells stained red. Cell counts of at least 20 cells per high-power field were taken from five random fields for each cell type.
Subcutaneous implantation
Wild-type adult mice (n ¼ 12) were anesthetized with inhalational isoflurane. After cleansing with 70% alcohol, three 1 cm full-thickness transverse incisions separated by 2 cm were made on the shaved dorsum of wild-type mice. After overnight PBS incubation under UV light, 5% collagen-pullulan hydrogels were implanted subcutaneously and incisions were closed with 6-0 nylon suture (Ethicon, Somerville, NJ) and covered with a sterile occlusive dressing (Tegaderm; 3M, St. Paul, MN). Sutures were removed on postincision day 2. Wounds were examined daily and harvested at 3, 7, 14, and 21 days. Digital photographs were taken to quantify residual hydrogel size (n ¼ 3 wounds for each condition).
Stented excisional wound model
As per previously published methods, 39 a stented excisional wound model was utilized to assess the effects of the 5% collagen hydrogel scaffold on wound repair. Briefly, silicone rings that circumscribe the excisional wound are sutured to the skin with 6-0 nylon, thus preventing wound contracture (primary means of rodent wound healing) and allowing the wound to close by both re-epithelialization and granulation tissue formation (similar to human wound healing). Scaffold disks were sterilized under UV light in PBS and then placed into excisional wounds and covered with Tegaderm. Control wounds did not have any material implanted. Digital photographs of the wounds were taken every other day during dressing changes and quantified using ImageJ. Results were evaluated by two blinded investigators (n ¼ 10 wounds for each condition).
Microscopic analyses
Harvested tissue was briefly rinsed in PBS, embedded in TissueTek OCT compound (Sakura Finetek USA, Inc., Torrance, CA), frozen overnight at À808C, and stored at À208C until further processing. Frozen sections were cut at 8 mm thickness and mounted onto Superfrost=Plus glass slides ENGINEERED PULLULAN-COLLAGEN COMPOSITE DERMAL HYDROGELS(Fisher Scientific, Pittsburgh, PA). Slides were then fixed in 4% paraformaldehyde and then allowed to air-dry. Sections were stained with hematoxylin and eosin (Sigma-Aldrich), Masson's trichrome (Sigma-Aldrich), or picrosirius red (SigmaAldrich). To confirm collagen content and distribution, hydrogels were imaged under polarized light. When viewed under circularly polarized light, collagen fibers exhibit bright birefringence when unstained and red-orange birefringence when stained with picrosirius red. 40, 41 Collagen 1-specific immunofluorescence was performed using rabbit anti-rat collagen1 antibody (Abcam, Inc. Cambridge, MA) and goat anti-rabbit AlexaFluor 488 (Molecular Probes, Invitrogen, Carlsbad, CA). Capillaries were quantified by counting luminal structures containing red blood cells at 630Â magnification.
Flow cytometric analysis
On postinjury day 3, untreated wounds and hydrogeltreated wounds were excised and digested for 1 h in Liberase TL (0.5 mg=mL; Roche) at 378C. Single-cell suspensions were filtered through a 100-mm filter (BD Biosciences, San Jose, CA), blocked, and incubated with fluorescent rat monoclonal antibodies against CD4 (PECy5, 1:330; eBioscience, San Diego, CA), CD8 (PE-Cy7, 1:100; eBioscience), F4=80 (FITC, 1:100, eBioscience), Gr1 (APC, 1:100; BD Biosciences), CD29 (AF700, 1:100; BioLegend, San Diego, CA), and CD45 (Pacific Blue, 1:200; Biolegend). Inflammatory macrophages and stromal fibroblast-like cells were gated as F4=80þGr1þ double-positive and CD29þ, respectively. 42, 43 Appropriate isotype controls and unstained cells were used as controls. Cells were analyzed on a BD FACSAria cell sorter (BD Biosciences). Data were analyzed using FlowJo digital FACS software (Tree Star, Inc. Ashland, OR).
Quantitative polymerase chain reaction
On postinjury days 3 and 14, untreated wounds and hydrogel-treated wounds were harvested and total RNA was isolated using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA) and reverse transcribed (Superscript FirstStrand Synthesis kit; Invitrogen) using the following primers: vascular endothelial growth factor (VEGF), forward 5 0 -GGA GATCCTTCGAGGAGCACTT-3 0 and reverse 5 0 -GGCGATT TAGCAGCAGATATAAGAA-3 0 ; glyceraldehyde 3-phosphate dehydrogenase, forward 5 0 -TCAATGAAGGGGTCGTTGAT-3 0 and reverse 5 0 -CGTCCCGTAGACAAAATGGT-3 0 . Real-time reactions were performed using SYBR Green PCR Master Mix (Qiagen) and the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Carlsbad, CA). VEGF expression was normalized to levels of glyceraldehyde 3-phosphate dehydrogenase as an internal control.
Statistical analysis
Microsoft Office Excel 2007 (Microsoft Corporation, Redding, WA) was used to perform unpaired t-test. Results are presented as mean AE standard error of the mean. A p-value <0.05 was considered statistically significant.
Results
Porous microarchitecture of hydrogel scaffolds
To control the porous microarchitecture of the pullulan hydrogel mixtures, we developed a novel phase-inversion technique to create open scaffold matrices. Hydrogel porosity was induced by addition of KCl salt. SEM analysis of hydrogels was performed immediately after the hydrogel dehydration step (Fig. 1) . Crystalline structures were organized into various sized aggregates, which ranged in size from 10 to over 50 mm based on extrapolation of surface features (Fig. 1A-C) . Analysis of 5% collagen-pullulan hydrogels demonstrated a diffuse and homogeneous distribution of collagen throughout the hydrogel based on collagen 1-specific immunostaining (Fig. 1E) and polarized light analysis of collagen fiber organization (Fig. 1F, G) . Pullulan-based hydrogels fabricated without KCl displayed minimal porosity ( Fig. 2A-C) , whereas the addition of KCl resulted in a highly porous scaffold (Fig.  2D-F) . Further, these crystalline structures were no longer seen following the salt dissolution steps, strongly suggesting a critical role for KCl crystallization in pore formation.
Pore characteristics were modulated by changing the amount of collagen added. Average pore sizes of 75.60 AE 2.16 mm, 34.15 AE 0.96 mm, and 15.70 AE 0.67 mm ( p < 0.05) were calculated for 0%, 5%, and 10% collagen-pullulan hydrogels, respectively. Scaffold porosity was *82.4% AE 1.4%, 74.8% AE 2.6%, and 68.8% AE 1.8% for hydrogels containing collagen at 0%, 5%, and 10%, respectively. Network extraction analysis revealed two-dimensional topographical similarities between the hydrogel porous ultrastructure (Fig. 3A-F ) and the dermal collagen network of unwounded human dermal matrix (Fig. 3E, inset) . The distributions of fiber length (Fig. 3G ) and interfiber junctions (Fig. 3H) were most similar between the 5% collagen hydrogels and unwounded dermis, which prompted subsequent studies to be performed with the 5% collagen-pullulan hydrogels.
General physical properties
Hydrogels (5% collagen-pullulan) were durable, homogeneous, and could be easily handled. Dried hydrogel films were reproducibly cut into 6 mm disks of 2 mm thickness for all experiments. Incubation of dry disks in aqueous solution produced in a flexible and clear semirigid gel (Fig. 4A-C) .
Hydrogel swelling
To investigate water retention properties, swelling studies were performed with water and PBS at different temperatures. Swollen hydrogels retained their general shape and did not degrade after overnight incubation in either deionized water (Fig. 4B) or PBS (Fig. 4C) . Swelling ratios for 5% collagen-pullulan hydrogels incubated in deionized water at 48C and 378C were 19.92 AE 2.83 and 33.36 AE 7.97, respectively (Fig. 4D) . Swelling ratios for 5% collagen-pullulan hydrogels incubated in PBS at 48C and 378C were 9.99 AE 1.47 and 9.27 AE 1.29, respectively (Fig. 4D) . Hydrogel swelling did not significantly change between 12 and 72 h of incubation for all conditions, indicating maximal water absorption after overnight incubation.
Hydrogel degradation
To investigate the degradation profiles of the polymeric hydrogels, we performed enzymatic degradation studies. Incubation of 5% collagen-pullulan hydrogels with collagenase A (2 mg=mL) at room temperature resulted in scaffold degradation after 75 h. Pullulanase (4 U=mL) incubation resulted in scaffold degradation after 90 min. Combination FIG. 1 . Potassium chloride (KCl) crystallization and saltinduced phase inversion. After the dehydration processing step, scanning electron micrographs of 5% collagen-pullulan hydrogels demonstrated various KCl crystal sizes (A-C, pseudocolored purple) that correlated with hydrogel pore sizes produced after salt dissolution. We hypothesize that as water is rapidly removed from the hydrogel, localized supersaturation of KCl results in the formation of crystals around which polymers become organized (D, middle). As KCl is dissolved from the hydrogel, porous macrovoids remain, resulting in a reticular pullulan-collagen composite scaffold (D, right). The movement and organization of the polymers is further enhanced by mechanical mixing during the fabrication process (D, left). Collagen 1 immunofluorescence demonstrates reticular and homogeneous distribution of collagen throughout the hydrogel (E, green ¼ collagen 1). Negative control shown in upper right inset (E). Polarized light analysis of hydrogels (F) and picrosirius red-stained hydrogels (G) further confirms the homogeneous distribution of collagen around porous macrovoids throughout the hydrogel. The 0% collagen hydrogels shown in upper right inset of (F) and (G) demonstrate the absence of collagen signal. Scale bar for (A-C) is 10 mm. Scale bar for (E-G) is 100 mm. Color images available online at www.liebertonline.com=ten.
FIG. 2. Hydrogel pore formation.
Scanning electron microscopy imaging revealed that pullulan hydrogels fabricated without KCl demonstrated poor porosity, despite increases in collagen content (A-C). With the addition of KCl, consistent interconnected porous domains were created (D-F). Alterations in collagen concentration significantly modified pore size. Scale bar is 100 mm. degradation experiments resulted in hydrogel dissolution after 60 min (Fig. 5A) .
Quantification of crosslinking
To understand the chemical interactions governing hydrogel stability, we examined crosslinking characteristics.
Methylene blue binding was specific to STMP crosslinks as negative control mixtures without STMP demonstrated negligible binding (Fig. 5B) . Collagen alone was also minimally crosslinked by STMP due to the paucity of free hydroxyl groups in collagen relative to pullulan. However, when collagen was added to pullulan, there was a significantly greater degree of STMP crosslinking compared with pullulan
FIG. 3. Network extraction analysis. A network extraction algorithm was used to
analyze the microstructure of pullulanbased hydrogels. Two-dimensional topographical data were extracted from representative scanning electron microscopy images for 0%, 5%, and 10% collagen-pullulan hydrogels (A-F). The same algorithm was applied to acellular human dermal matrix (E, inset). Quantitative analysis of fiber length (G) and crosslink spacing (H) distribution was performed, and 5% collagen hydrogel scaffolds (solid blue line) best approximated the microarchitecture of unwounded human dermis (purple line). Scale bar is 100 mm. Color images available online at www.liebertonline.com=ten. and STMP alone (scaffold AI MB ¼ 3.9 for pullulan with 5% collagen vs. 2.7 for pullulan, p < 0.05), potentially through collagen-mediated hydrophobic interactions and synergistic promotion of pullulan organization. 44 
In vitro viability and incorporation assays
To assess hydrogel scaffold biocompatibility, we examined hydrogel viability with several cell types known to be involved in skin repair. Fibroblasts, MSCs, and endothelial cells exhibited over 97% viability over 7 days after seeding on 5% collagen-pullulan hydrogels, similar to control populations seeded without hydrogels (Fig. 6A-F) . Fibroblasts and MSCs displayed successful invasion and attachment on SEM (Fig. 6G, H) . These cellular invasion results confirm the interconnected open porous nature of the pullulan-collagen composite hydrogels.
Subcutaneous implantation of hydrogels
To examine in vivo characteristics of hydrogels, we performed subcutaneous implantation and excisional wound model experiments. All animals tolerated the surgical procedures well and all wounds showed no evidence of infection. Subcutaneous implant hydrogels demonstrated controlled degradation over 3 weeks (77.4% of original hydrogel area AE 6.9%, 41.9% AE 5.0%, 11.4% AE 2.6%, and 0% at days 3, 7, 14, and 21 postimplantation, respectively).
Excisional wound healing model
We next examined whether the hydrogel scaffold was capable of improving wound healing in a humanized wound model. Significant improvements in excisional wound closure were observed during early wound repair in hydrogeltreated wounds (Fig. 7A) . The amount of wound closure was significantly greater in hydrogel-treated wounds compared with nontreated wounds at days 3 and 5 postinjury (86.4% original wound size AE 1.6% vs. 91.7% AE 1.0%, p < 0.01, and 59.4% AE 3.6% vs. 73.2% AE 2.5%, p < 0.005, respectively, Fig. 7B ).
To examine possible mechanisms for the improvement in normal wound healing, we performed histologic analysis of wounds at postinjury days 3, 5, 7, and 14. At day 3, granulation tissue formation was significantly greater in hydrogeltreated wounds than in untreated wounds (122.67 AE 10.48 mm thickness vs. 63.69 AE 12.43 mm, p < 0.01, Fig. 8A, B, bracket) . By day 5, this difference was no longer significant (100.14 AE 3.45 mm thickness in hydrogel-treated vs. 90.68 AE 8.51 mm in   FIG. 4 . Collagen-pullulan hydrogel general physical properties. Digital photographs of dry (A) and H 2 O-(B) and phosphate-buffered saline (PBS)-incubated (C) 5% collagenpullulan hydrogels after overnight incubation. Swelling ratios for 5% collagen-pullulan hydrogels were calculated after incubation in both dH 2 O and PBS (D). n ¼ 6 for each condition. Error bars are AE standard error of the mean (SEM). Scale bar is 5 mm. Color images available online at www.liebertonline .com=ten.
FIG. 5.
Five percent collagen-pullulan hydrogel degradation and crosslinking. Hydrogels were incubated with pullulanase=collagenase (solid line), pullulanase only (dashed line), or collagenase only (dotted line) (A). Five percent collagen without pullulan demonstrated minimal sodium trimetaphosphate (STMP) crosslinking based on methylene blue binding but appeared to synergistically augment the organization and crosslinking of pullulan hydrogels (B). Polymer mixtures without STMP exhibited negligible nonspecific binding of methylene blue to either collagen or pullulan. n ¼ 6 for each condition. Error bars are AE SEM. *p < 0.05. untreated, p ¼ 0.37). As the granulation tissue remodeled into more mature dermis, there were no differences in dermal thickness between treated and untreated groups at days 7 and 14 postinjury. Keratinocytes were also observed to migrate over the dermal hydrogel (Fig. 8C, D) , whereas the keratinocyte layer in nontreated excisional wounds was loosely maintained over a sparse granulation bed (Fig. 8E, F) .
Flow cytometric analysis of wound cell populations
To characterize the specific cell populations within hydrogel-treated wounds versus nontreated wounds, we performed flow cytometric analysis of wound digests (Fig.  9A) . At day 3, there was a significant increase in the recruitment of neutrophils (Gr1þ, 48 (Fig. 9B ). These results demonstrate a potent hydrogel-induced immunomodulatory effect, which in aggregate may augment the recruitment of stromal-like cells capable of producing granulation matrix, consistent with our hematoxylin and eosin findings.
FIG. 6.
In vitro cellular incorporation. Hydrogels were biocompatible with fibroblasts (A, B), endothelial cells (C, D), and bone marrow-derived mesenchymal stem cells (MSCs) (E, F) for up to 7 days. Live cells are stained green, whereas dead cells are stained red=yellow (B, D, F). Scanning electron micrographs showed that both fibroblasts (arrows, G) and mesenchymal stem cells (arrows, H) were viably incorporated into 5% collagen-pullulan hydrogels. Additionally, the porous reticular network of the hydrogel scaffold is maintained in both images (G, H). Scale bar is 50 mm in (A-F). Scale bar is 25 mm in (G) and (H). Color images available online at www.liebertonline.com=ten.
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Analysis of matrix collagen and vascularity
To further characterize the formation of granulation tissue with hydrogel treatment, we performed trichrome staining and polarized light analysis of day 3 and day 14 wounds. Hydrogel treatment induced a significantly more robust and earlier granulation response (Fig. 9C, D) and areas of denser collagen production at day 14 postinjury (Fig. 9E-H) . The enhanced formation of granulation tissue was also associated with increased induction of the cytokine VEGF (day 3 fold change 1.24 AE 1.04 compared with no hydrogel; day 14 fold change 4.53 AE 1.54, p ¼ 0.08) and significantly elevated numbers of microvessels in the wound matrix (4.91 AE 0.75 microvessels per high-power field (hpf) vs. 2.25 AE 0.71 microvessels per hpf, p < 0.05) with hydrogel treatment compared to untreated controls (Fig. 9I, J) .
Discussion
We have developed a method to fabricate modifiable dermal scaffolds that significantly improve normal wound healing in a humanized murine model. This technique is based on rapid desiccation of pullulan-collagen composite hydrogels through a salt-induced phase inversion process. We hypothesize that dehydration results in localized supersaturation and crystallization of KCl, similar to published studies demonstrating salt induction of micropore formation. 45 Scanning micrographs of rapidly dehydrated hydrogels demonstrated KCl crystals that correlated with the observed pore sizes seen after crystal dissolution. Collagen assembly is promoted around the crystals and throughout the hydrogel, resulting in an interconnected and homogeneously distributed collagen network after KCl dissolution. Although the diffusion of matrix elements through hydrogels has been described, 46 our fabrication technique also mechanically distributes the polymers throughout the hydrogel to promote the uniform organization of constituent polymers. To our knowledge, this is the first demonstration of KCl crystallization-induced pore formation applied to fabricate collagen scaffold hydrogels.
Bioengineered collagen scaffolds with pore sizes of 50-300 mm have previously been reported in the literature. [47] [48] [49] However, these data are mostly obtained from rigid scaffolds that can tolerate greater pore sizes without collapsing. Hydrogels inherently have less stiffness so larger pore sizes are difficult to achieve without risking collapse of the gel microstructure. 50 We hypothesized that 5% collagen hydrogels would be biocompatible despite a smaller average pore size given their swelling capacity, which allows for pore expansion in an exudative wound environment. Additionally, 5% collagen hydrogels best approximated the porous ultrastructure of human dermal matrix based on comparison of fiber length and crosslink distance using a network extraction analysis. 35, 36 Hydrogel-based biomaterials have demonstrated promising results for cutaneous wound healing. For example, chitosan hydrogels improved wound healing after burn injury in minipigs, but were applied as a topical gel and not associated with cellular or native matrix incorporation. 51 A gelable chitosan hydrogel was used to improve full-thickness excisional wound healing in mice, but the scaffold material was not highly integrated into the dermal wound. 52 Hyaluronanbased hydrogels augmented early collagen formation in a porcine injury model, but were not designed to recapitulate a porous dermal environment. 53 A new class of concentrated collagen hydrogels recently demonstrated improved biocompatibility in vitro and biologic integration in vivo, but these hydrogels were evaluated in a subcutaneous (nondermal) environment, 54, 55 somewhat limiting their relevance to dermal applications. In contrast to the previous studies, our pullulan-based hydrogel system effectively interfaced with the cutaneous wound, which permitted better evaluation of the translational relevance of this dermal construct. Further, the pullulan hydrogels recapitulated a porous dermal-like architecture both in vitro and in vivo and significantly augmented normal cutaneous wound repair, attributes not collectively demonstrated by any of the previous hydrogel systems. Taken together, these studies highlight the promising diversity of hydrogel systems for skin engineering, but of these hydrogel systems, only pullulan-based matrices were demonstrated to structurally mimic and articulate with the injured dermis while dramatically inducing granulation tissue formation.
Dermal scaffolds have also been engineered using combinations of collagen and glycosaminoglycans (GAG) such as chondroitin sulfate and hyaluronic acid. [56] [57] [58] [59] [60] [61] Researchers have employed fabrication techniques, including lyophilization, electrospinning, and centrifugation, and crosslinking agents such as 1-ethyl-3-3-dimethylaminopropylcarbodiimide hydrochloride, N-hydroxysucinimide, and glutaraldehyde. As a class, these collagen-GAG scaffolds have demonstrated 
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excellent mechanical stability, porous architecture, and biocompatibility. For example, collagen-chondroitin sulfatehyaluronic acid composite scaffolds improved wound healing in an open excisional wound model (similar to our murine study) in rats, but specific biologic mechanisms were not examined. 61 Although a study directly comparing collagen-GAG scaffolds and collagen-pullulan scaffolds is lacking, the successful fabrication of pullulan-based hydrogels using relatively simple and inexpensive materials shows that this technology may be yet another tool for skin engineers to create biomimetic dermal matrices.
Scanning micrographs showed that modulation of collagen concentration permitted regulation of pore size. It has been shown that collagen fibril formation is highly dependent on ionic interactions and pH, 62 both of which are influenced by KCl crystallization. With this hydrogel fabrication technique, we hypothesize that increasing the collagen concentration alters KCl crystal formation, which then affects subsequent pore size. Further, modulation of the concentration of collagen (which is dissolved in acetic acid) necessarily altered the pH environment during hydrogel fabrication and would have additionally influenced polymer organization within the hydrogel. Although surface SEM images were used to estimate bulk scaffold porosity, these findings were corroborated by histologic evaluation of sectioned hydrogels both in vitro and in vivo, demonstrating a highly interconnected porous architecture despite variations in collagen content. This relatively simple method to modulate pore characteristics can be exploited to create a variety of collagen-based scaffolds that can serve different biological functions.
The 5% collagen-pullulan scaffolds exhibit water retention and flexible hydrogel attributes that make them an attractive biomaterial for cell and small molecule delivery, providing a structured aqueous environment that is known to improve wound repair. 63 Composite 5% collagen-pullulan hydrogels were incubated in both water and PBS and exhibited swelling ratios ranging from 10 to 33. These data are consistent with previous studies on pullulan hydrogel hydration of FIG. 8. Wound histology. Hematoxylin and eosin staining of day 3 hydrogel-treated excisional wounds (top series) compared with nontreated wounds (bottom series). Hydrogel-treated wounds demonstrated marked granulation (Gr) matrix formation (A, bracket) compared with thinner matrix in nontreated wounds (B). A wide bed of granulation matrix is seen between the wound margin (C, arrow) and the hydrogel (purple staining). Layered keratinocytes are seen migrating across the wound bed over the hydrogel (D, arrowhead). This is in contrast to nontreated excisional wounds, which demonstrate thinner granulation matrix (B, bracket) and sparse granulation tissue at the margin of the immature wound bed (E, arrow, and F). Scale bar is 100 mm in (A) and (B) and 50 mm in (C-F). Color images available online at www.liebertonline.com=ten.
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21 and swelling ratios of elastin-based hydrogels ranging from 18 to 33. 13 As expected, incubation with water resulted in greater swelling compared with PBS because of increased osmotic forces with hypotonic solutions. Increased swelling ratios at higher temperatures have also been shown with other hydrogels, attributed to disruption of secondary interactions and hydrogen bonds within polymers and facilitation of water absorption. 64 Incubation of 5% collagen-pullulan hydrogels with both pullulanase and pullulanase=collagenase solutions resulted in rapid hydrogel dissolution. In contrast, incubation with collagenase alone did not result in rapid hydrogel degradation, suggesting that pullulan plays a major role in hydrogel stability. Methylene blue quantification of STMP crosslinking demonstrated that collagen may augment the organization of pullulan hydrogels through promoting hydrophobic interactions necessary for pullulan organization. 44 This predictable degradation profile can be employed to control encapsulated cell and=or ligand release via enzymatic methods. Additionally, the free hydroxyl groups can serve as highly modifiable side-groups for patterning of spatial cues, permitting precise control over the hydrogel scaffold microenvironment.
The structured aqueous nature of hydrogels provides an ideal environment for cellular growth and sustainability, as has been demonstrated with vascular cells, 21 chondrocytes, 65 and human MSCs. 66 In vitro studies performed with our engineered hydrogel scaffolds showed high biocompatibility and cellular incorporation with fibroblasts, MSCs, and endothelial cells. In vivo, we observed cellular infiltration, maintenance of hydrogel reticular architecture, and incorporation within the wound bed. The application of hydrogel scaffolds resulted in significant improvements during the early stages of normal wound healing, which we hypothesize (C-H) . Note the greater prevalence of mature collagen (blue on trichrome staining, red=orange on polarized light analysis) with hydrogel treatment at day 14 postinjury. Hydrogel treatment was also associated with greater gene expression of vascular endothelial growth factor (VEGF) and a significantly greater quantity of microvessels at day 14 postinjury (I, J). Scale bar is 20 mm in (C-H). Errors bars are AE SEM (*p < 0.01 and **p < 0.05). Color images available online at www.liebertonline.com=ten.
is due in part to its immunomodulatory effects on wound healing and collagen deposition. [67] [68] [69] The early increase in neutrophils and T lymphocytes was expected as part of an initial immune-mediated response to the biomaterial, but the attenuation of macrophage recruitment was an unexpected finding. Although macrophages are critical in wound repair, they may delay matrix deposition during the early phases of repair through their phagocytic and enzymatic activity. 42, 70 CD29 expression has been associated with improved wound healing and may represent enhanced cell-cell and cellmatrix interactions mediated by hydrogel scaffold treatment. 43, 71 This hydrogel-induced wound profile (recruitment of stromal fibroblast-like CD29þ cells coupled with reduced macrophage populations) may be critical for improved early wound repair and provides important insight into the active nature of biomaterial scaffold-based strategies.
Conclusions
Together, these data demonstrate that salt-induced phase inversion techniques can be used to fabricate highly modifiable dermal-like hydrogel scaffolds. This novel biomaterial recapitulates critical aspects of the structural context of unwounded skin both in vitro and in vivo and viably sustains cell populations necessary for normal skin repair. More importantly, we demonstrate an acceleration of normal wound healing, potentially by modifying cell recruitment and activation during acute inflammation and augmenting granulation tissue formation. Teleologically speaking, it has been thought that evolution has selected speed (rapid wound closure in the form of scar) over form (recapitulation of unwounded matrix), but future skin engineering strategies should strive to achieve both.
